. Preliminary experiments showed a sharp inflection point in strain traces (SIP) from ischemic borderzones, which coincided with onset of a postsystolic shortening wave (VPS) in the velocity trace. In a single-vessel disease model, we investigated whether SIP and VPS may serve as markers of global ES and their mechanism. In six anesthetized dogs we measured LV pressure and myocardial long-axis function by using TDI and sonomicrometry. Ischemia was induced by left anterior descending coronary artery occlusion. ES was defined by the minimum first derivative of LV pressure. TDI and sonomicrometry demonstrated a sharp SIP and VPS at ES in the ischemic borderzone (defined as moderately ischemic myocardium by pressure-dimension loop analysis). Time differences relative to ES ( Ϯ SD) were Ϫ0.1 Ϯ 2.3 (intraclass correlation coefficient RIC ϭ 0.996) and 6.8 Ϯ 10.7 ms (RIC ϭ 0.89) for S IP as shown by sonomicrometry and TDI, respectively. There was a strong inverse relationship between postsystolic shortening in the borderzone and simultaneous lengthening of nonischemic myocardium. In 30 patients with acute myocardial infarction, SIP and VPS evaluated by TDI were compared with ES defined by aortic valve closure. Time differences were Ϫ4 Ϯ 14 (RIC ϭ 0.94) and Ϫ2 Ϯ 11 ms (RIC ϭ 0.96), respectively. In the ischemic borderzone, SIP and VPS identified global ES with high accuracy. The force balance or "tug of war" between borderzone and nonischemic myocardium is a likely underlying mechanism for these markers. The method may be used as an "all in one heart beat" approach for TDI analysis in acute myocardial ischemia. echocardiography; infarction; reperfusion; ventricular function; tissue Doppler imaging TISSUE DOPPLER IMAGING (TDI) is a powerful method for assessment of regional myocardial function and provides important insights into left ventricular (LV) systolic and diastolic function. The interpretation of TDI recordings with regard to cardiac phases, however, is confounded by uncertainty regarding timing of global LV end systole (ES). Global ES is defined as end of ejection, which coincides with aortic valve closure (AVC) and marks the transition to diastole.
echocardiography; infarction; reperfusion; ventricular function; tissue Doppler imaging TISSUE DOPPLER IMAGING (TDI) is a powerful method for assessment of regional myocardial function and provides important insights into left ventricular (LV) systolic and diastolic function. The interpretation of TDI recordings with regard to cardiac phases, however, is confounded by uncertainty regarding timing of global LV end systole (ES). Global ES is defined as end of ejection, which coincides with aortic valve closure (AVC) and marks the transition to diastole.
In nonischemic myocardium, a relationship between AVC and isovolumic relaxation (IVR) velocities has been demonstrated (1, 2, 10, 19) . More specifically, in apical views, the upstroke of the postejection velocity spike has been validated for timing of AVC by using TDI and speckle tracking echocardiography (1) , and in short-axis views, a marked notch on the septal radial velocity profile corresponds well with AVC (10) .
However, in ischemic myocardium, which is characterized by postsystolic shortening (5, 9, 18, 21, 22, 25) , timing of global ES may be a problem, since the duration of contraction may vary considerably between regions. Precise timing of global ES is important to accurately quantify postsystolic shortening and several other TDI-based indexes of regional myocardial function such as end-systolic strain (16, 17) , IVR/ES strain index (16, 17) , and postsystolic strain index (12, 27) . Furthermore, because there may be significant beat-to-beat variation in duration of systole, timing of ES or end of ejection should preferably be done on the same heart cycle as that used for TDI measurements. With currently available echocardiographic methods such as timing of AVC by Doppler of aortic flow velocity or M-mode of the aortic valve, this is not feasible.
On the basis of observations in a recently published experimental study (15) , we propose an "all in one heart beat" approach for assessment of regional function by TDI and timing of global ES in ischemic ventricles. In that study, we observed that regional ischemia was often associated with a sudden drop in longitudinal strain near ES, reflecting sudden onset of postsystolic shortening. Figure 1 illustrates this strain inflection point (S IP ) in moderately ischemic (borderzone) myocardium. The increased contraction rate after S IP is reflected in the corresponding velocity trace as a postsystolic shortening wave (V PS ). Typically, the ischemic postsystolic shortening velocity wave differs from the postejection velocity spike seen in normal myocardium by being positive and of longer duration (6) . We propose that S IP and onset of V PS represent markers of global ES and may be applied when assessing regional myocardial function by strain or velocity imaging. Importantly, segments with marked dyskinesia, which were entirely passive, did not demonstrate an inflection point in the strain trace.
The aim of this study was to investigate whether myocardial S IP and V PS might be applied clinically as means to define global ES when assessing regional function in the ischemic ventricle. Furthermore, we investigated the notion that S IP is caused by a shift in force balance as in a "tug of war" between ischemic and adjacent nonischemic myocardium and that S IP reflects delayed active contraction in ischemic myocardium when active force suddenly drops in adjacent myocardium.
MATERIALS AND METHODS

Experimental Study
Six mongrel dogs of either sex and with body weights 31.2 Ϯ 3.2 kg were anesthetized with a bolus of thiopental (25 mg/kg body wt), followed by continuous infusion of morphine (3.5 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) and pentobarbital sodium (2 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ), with the latter reduced to half dose after 4 h of infusion. The animals were ventilated and surgically prepared as previously described (26) . LV and left atrial (LA) pressures were measured by micromanometers (MPC-500; Millar Instruments, Houston, TX), and data were digitized at 200 Hz. ES was defined by the minimum first derivative of LV pressure (dP/dt min) (3) . End of IVR was defined by first diastolic LV-LA pressure crossover. All values represent the mean of three consecutive heart cycles. Timing of the events is reported as time from peak R on the ECG (ms). The study was approved by the National Animal Experimentation Board. The laboratory animals were supplied by the Center for Comparative Medicine (Rikshospitalet University Hospital, Oslo, Norway).
Sonomicrometry. Myocardial dimensions were measured by sonomicrometry (Sonometrics, London, ON, Canada) with all ultrasonic crystals implanted in the subendocardium (inner one-third of the myocardium). In the anterior LV wall, one pair of crystals was implanted in what appeared to be the center of the left anterior descending coronary artery (LAD) perfusion territory (ischemic region). Another six crystals were placed in the anterior wall 10 -40 mm proximal to the expected ischemic center. In total, eight crystals were placed in the anterior wall, permitting assessment of multiple anterior wall segments by different crystal combinations. Finally, one pair of crystals was positioned in the posterior LV wall (circumflex artery region) for nonischemic reference. Regional strain by sonomicrometry was calculated as the percent change Fig. 1 . Regional long-axis function by sonomicrometry from remote region (posterior wall), borderzone (anterior wall), and central ischemic region (anterior wall) in a representative experiment. All traces were recorded simultaneously [pressure, first derivative of left ventricular pressure (dP/dt), and ECG are identical in all columns]. The vertical dashed lines indicate end diastole (ED) (peak R in the ECG) and global end systole (ES) [minimum dP/dt (dP/dtmin)]. At the bottom, left ventricular pressure-segment length (LVP-SL) loops demonstrate reduced but still some active work in the borderzone (arrows indicate counterclockwise rotation) and an entirely passive segment in the central ischemic region (arrows indicate clockwise rotation). A sharp strain inflection point (SIP) is observed in the borderzone but not in the central ischemic region or the remote region. Note that the time of SIP corresponds to the time of peak dP/dtmin, whereas the onset of the postsystolic shortening velocity wave (VPS) slightly precedes dP/dtmin. from end-diastolic dimension. Furthermore, regional myocardial velocity was calculated by differentiation of the negative value of the LAD segment length tracing, and regional acceleration by differentiation of the velocity tracing (Fig. 1) . The area of the LV pressure-segment length (LVP-SL) loop was calculated (CVworks version 1.55; University of Calgary, Calgary, Canada) and used as an index of segmental work (23) . We analyzed three representative crystal pairs in dyskinetic segments with positive LVP-SL loop area (partly active contraction). The inflection point in the strain tracing (S IP) was identified as the point with peak acceleration in this phase of the cardiac cycle, as illustrated in Fig. 1 .
The correlations between postsystolic shortening in the borderzone and lengthening of nonischemic myocardium during IVR were calculated in five experiments. Continuous recordings by sonomicrometry during the first 5 min of LAD occlusion were used.
Echocardiography. Using a Vivid 7 ultrasound scanner with a 1.5-to 4.0-MHz M3S matrix phased array cardiac probe (GE Vingmed Ultrasound, Horten, Norway), we obtained TDI recordings (apical 2-and 4-chamber views, 143 Ϯ 26 frames/s) and analyzed them off-line with dedicated software (EchoPac PC version 5.0; GE Vingmed Ultrasound). The default sample volume size was used (6 ϫ 6 mm). S IP was identified in two to four strain tracings from the infarct borderzone ( Fig. 2A) . Onset of the postsystolic shortening velocity wave (V PS) was identified in two velocity tracings from the mid and basal part of each wall in apical two-and four-chamber views (Fig.  2B) . A spike in the ECG, generated by a modified pacemaker (with extracardial leads placed near the ECG electrodes), was used to match invasive pressures and TDI recordings.
Experimental protocol. After a 30-min period of stabilization, baseline recordings were performed. To avoid interference between measurements with sonomicrometry and echocardiography, we first recorded pressures, ECG, and echocardiographic data during 10 s and then pressures, flow, ECG, and segment lengths during the subsequent 10 s. Data were recorded with the ventilator off. To determine how the relation between dP/dtmin and SIP responds to changes in loading, we reduced preload and afterload by transient occlusion of both caval veins.
Myocardial ischemia. Acute myocardial ischemia was induced by LAD occlusion and ligation of dominant collaterals for 4 h, followed by reperfusion for 3 h. Measurements were performed at 15 min and 4 h of occlusion and at 15 min and 3 h of reperfusion.
Estimation of segmental work. We utilized LVP-SL loops to differentiate between actively contracting and passive myocardium. In a myocardial segment with normal function, the pressure-segment length loop rotates counterclockwise, indicating shortening in systole when LV pressure is rising and lengthening in diastole. In a segment that is entirely passive, however, the pressure-segment loop rotates clockwise, indicating lengthening in systole when LV pressure is rising and shortening in early diastole when LV pressure is falling. A segment that is partly active represents an intermediate pattern, typically with moderate lengthening during early systole, late-systolic shortening, and postsystolic shortening, but the pressure-segment length loop rotates counterclockwise (7, 23) . The area of the pressuresegment length loop reflects the magnitude of regional myocardial work (7, 20, 23) .
Clinical Study
We included 30 patients with acute myocardial infarction (19 men and 11 women, 63 Ϯ 10 yr) admitted to the hospital for acute percutaneous coronary intervention (PCI). The recordings were acquired 1 day after admittance in all patients. In some patients, recordings were in addition performed before PCI (n ϭ 5) and 1 h after successful reperfusion (n ϭ 12). The study protocol was approved by the National Committee for Medical Research Ethics in Norway. All participants gave written, informed consent. The reported values are from one heart cycle.
Echocardiography. The same scanner, acquisition settings, and views were used as for the experimental recordings (115 Ϯ 19 frames/s). In addition, flow velocity across the aortic valve was measured by continuous wave (CW) Doppler to identify AVC as a marker of global ES. Care was taken to acquire CW Doppler and TDI recordings within a short time interval. The approach for identification of global ES on the strain and velocity tracings was as described in the experimental study and shown in Figs. 1 and 2 .
Reproducibility of timing of global ES by TDI. All echocardiographic analyses were done without knowledge of the results from the reference method. For assessment of intra-and interobserver variability, all clinical echocardiographic recordings were analyzed twice by one observer and independently analyzed by a second observer.
Statistical Analysis
Values are means Ϯ SD. Measurements of postsystolic shortening (borderzone) and lengthening (nonischemic region) during IVR were compared using least-squares linear regression (P Ͻ 0.05 was considered statistically significant). Agreement between indexes and inter-and intraobserver agreement were assessed using the intraclass correlation coefficient (RIC) and the method of Bland-Altman (4). SPSS 12.0 for Windows was used for all statistical analyses (SPSS, Chicago, IL).
RESULTS
Experimental Study
Timing of global ES was determined during LAD occlusion and reperfusion, and measurements were obtained from three crystal pairs in different positions in ischemic myocardium. As a marker of global ES, we used LV dP/dt min . Representative recordings of regional long-axis function in remote, border, and central ischemic regions by sonomicrometry are displayed in Fig. 1 . Mean data are presented in Table 1 .
Strain and velocity profiles in ischemic myocardium. strain profiles. Ischemic myocardium demonstrated a wide spectrum of systolic strain profiles, reflecting different degrees of dysfunction. According to the LVP-SL loop analysis, however, dyskinetic strain profiles could be categorized into two groups, representing segments that were entirely passive and segments that were partly active. In entirely passive segments, lengthening was approximately similar to total shortening, and the strain trace resembled a LV pressure trace (Fig. 1, right) . Segments with partly active contraction, however, showed systolic lengthening that was less than total shortening, and in each of the experiments there was a well-defined S IP that indicated the onset of postsystolic shortening (Fig. 1, middle) . Figure 1 also demonstrates that S IP coincided with ES as defined by the time of LV dP/dt min . Segments that were entirely passive did not demonstrate a well-defined S IP but showed a gradual onset of postsystolic shortening. The strain profiles were similar by sonomicrometry and TDI. Figure 1 , bottom, displays LVP-SL loops. In the nonischemic region, the loop rotates counterclockwise, confirming that the segment performs active work. In the central ischemic region, however, the loop rotates clockwise, indicating no active work and therefore confirming entirely passive behavior of the segment. In the borderzone, although dyskinetic, the loop rotates counterclockwise, indicating active work, but the reduced loop area is consistent with reduced contractile function. VELOCITY PROFILES. Myocardial velocity profiles in the ischemic region were characterized by reduced velocity during LV ejection and the appearance of a marked velocity component during IVR, representing postsystolic shortening (V PS ; Fig. 1,  middle) . In the partly active segments, the onset of V PS slightly preceded LV dP/dt min , and peak acceleration of the postsystolic velocity coincided with LV dP/dt min . In entirely passive segments, however, there was no sharp onset of postsystolic velocity, because there was a gradual increase in velocity that started in late systole (Fig. 1, right) . Myocardial velocities recorded by TDI in remote, nonischemic regions also demonstrated a postsystolic velocity component.
Temporal relationship between S IP and V PS and LV ES. For S IP by sonomicrometry (average of 3 crystal pairs), the agreement with dP/dt min was excellent, with a mean difference and R IC of Ϫ0.1 Ϯ 2.3 ms and 0.996, respectively (Fig. 3) . There also was excellent agreement between dP/dt min and S IP by single crystal pairs ( Table 2 ). Similar to the observations with sonomicrometry, S IP by TDI corresponded very well to global LV ES (dP/dt min ) with a mean difference of 6.8 Ϯ 10.7 ms and R IC ϭ 0.894 (Fig. 4A) .
With TDI, we also investigated the relationship between onset of V PS and ES. Agreement with dP/dt min was very good, with V PS slightly preceding dP/dt min , with a mean difference of 8.9 Ϯ 7.9 ms and R IC ϭ 0.944 (Fig. 4B ). Time to onset of V PS in different regions of the LV is presented in Table 3 . Although S IP could not be identified in nonischemic regions, V PS recorded by TDI was evident even in remote, nonischemic regions. As indicated below, this was the case in the clinical study as well (Fig. 2, yellow sample volume) .
Because the central ischemic region was entirely passive, it did not demonstrate a distinct S IP . With TDI, however, the sample volume could be easily moved across the twodimensional image toward the nonischemic region, and in each dog we could identify a S IP in the borderzone between ischemic and nonischemic myocardium. Using this approach, we could identify S IP in all experiments. Time to V PS observed in remote regions was similar to time to V PS in the borderzone (Table 3) .
During caval occlusion, LV end-diastolic pressure fell from 13.0 Ϯ 2.4 to 4.8 Ϯ 1.1 mmHg (P ϭ 0.0004) and peak aortic pressure from 104 Ϯ 9 to 46 Ϯ 7 mmHg (P Ͻ 0.0001). Timing of ES by S IP was essentially unaffected by these changes in preload and afterload (Fig. 5) .
Relationship between cardiac mechanical events in ischemic and nonischemic myocardium. The postsystolic shortening that occurred during IVR in the partly active segment in the borderzone was associated with lengthening of the nonischemic region (Fig. 6) . In each of the five experiments analyzed for this relationship, the postsystolic shortening in the borderzone showed a strong, inverse relationship with lengthening of nonischemic myocardium during IVR [r ϭ 0.71, 0.73, 0.84 (Fig. 6B) , 0.86, and 0.91; P Ͻ 0.0001].
Clinical Study
The strain and velocity profiles of infarcted myocardium were essentially similar to those described in the experimental part of this study. Mean data are presented in Table 4 . In 5 of 92 recordings, S IP could not be defined due to poor image quality. V PS was consistently easier and faster to identify, and timing of global ES could be performed in all recordings. As demonstrated in Fig. 7 , agreement with AVC was very good for timing by V PS (mean difference of Ϫ2 Ϯ 11 ms and R IC ϭ 0.964) and S IP (mean difference of Ϫ4 Ϯ 14 ms and R IC ϭ 0.941). Mean time used to obtain timing of ES was 19 Ϯ 10 and 12 Ϯ 5 s for S IP and V PS , respectively.
The example in Fig. 6A illustrates the temporal relationship between postsystolic shortening in the infarct borderzone and the adjacent, presumably nonischemic, region. Similar to the findings in the experimental study, postsystolic shortening in the borderzone was associated with myocardial lengthening of the nonischemic segment during IVR.
Inter-and intraobserver agreement for timing of global ES by S IP and V PS .
Mean differences for interobserver agreement for S IP and V PS were 5 Ϯ 16 ms (R IC ϭ 0.908) and Ϫ1 Ϯ 5 ms (R IC ϭ 0.988), respectively, indicating good agreement. Mean differences for intraobserver agreement were 2 Ϯ 11 ms (R IC ϭ 0.943) and 1 Ϯ 4 ms (R IC ϭ 0.991) for S IP and V PS , respectively. Values are means Ϯ SD; n ϭ 6 dogs. LV, left ventricle; dP/dtmin, minimum first derivative of LV pressure; SIP, strain inflection point; VPS, postsystolic shortening velocity wave; TDI, tissue Doppler imaging. Data for time to SIP by sonomicrometry are averages of 3 regional crystal pairs. There are no values for time to SIP or VPS at baseline because there is no dyskinesia during baseline. 
DISCUSSION
In the present study we have introduced a fast and accurate clinical method for defining global LV ES while assessing regional myocardial function during ischemia. The method utilizes the onset of a rapid postsystolic shortening that occurs in moderately ischemic myocardium at ES, which is evident as a sharp inflection point in the myocardial strain trace (S IP ) and as onset of a marked postsystolic shortening wave in the myocardial velocity trace (V PS ). Both S IP and onset of V PS identified global LV ES with high accuracy. The cardiac mechanical causes of S IP and V PS were demonstrated in the animal model, and the feasibility of applying S IP and V PS clinically was confirmed in patients with acute myocardial infarction.
Mechanism of S IP and V PS
The introduction of strain Doppler echocardiography has allowed quantification of regional myocardial function and deformation in more detail than with previous clinical routine methods, and it is possible to study cardiac mechanics bedside in a way that previously was feasible only in experimental studies with sonomicrometry. In the present study we demonstrated a wide range of strain patterns in dyskinetic myocardium, ranging from slight early systolic lengthening with delayed active contraction to entirely passive segmental behavior.
Mechanical interaction between ischemic and nonischemic myocardium during isovolumic phases has been described previously in several experimental studies (13, 14, 24, 29) . The early systolic lengthening that occurs in ischemic myocardium is due to stretching forces from actively contracting nonischemic myocardium. At ES, these forces cease abruptly as the ventricle relaxes, and the stretched ischemic segment starts recoiling passively, analogous to releasing an elastic spring that has been stretched. In addition, as demonstrated by Skulstad et al. (21) , moderately dyskinetic myocardium may generate forces that cause delayed active contraction during IVR. Contribution from the latter mechanism was confirmed in the present study by LVP-SL loop analysis, and a marked S IP was identified only in segments that had a component of active contraction.
The close temporal relation between S IP and V PS and AVC is well illustrated in Fig. 1 . The sharp bend (S IP ) in the strain trace corresponds mathematically to a peak in the acceleration and a rapid change of velocity. Hence, peak acceleration corresponds to the steepest slope of the velocity trace. Since onset of V PS is a local minimum where its derivative (i.e., Values are means Ϯ SD; n ϭ 6 dogs. RIC, intraclass correlation coefficient. acceleration) is zero, onset of V PS occurs slightly before AVC and S IP . Changes in strain could also be observed at ES in nonischemic remote regions; Postsystolic shortening of ischemic segments was associated with simultaneous lengthening of nonischemic segments. Since lengthening of nonischemic segments occurred during IVR, it could not be ascribed to early diastolic filling but most likely reflects mechanical interactions between the ischemic region and adjacent myocardium [i.e., the ischemic segment in part recoils passively and in part contracts actively during IVR, which causes lengthening of the rapidly relaxing adjacent nonischemic segments (Fig. 6) ]. Together, our findings are consistent with the notion that S IP is due to a shift in the force balance at ES, between nonischemic and ischemic myocardium, analogous to a tug of war between the two regions.
ES by Strain Imaging
Partly active dyskinetic myocardium is likely to be located in the borderzone between the ischemic core region and nonischemic myocardium. In the present study we analyzed tracings with early systolic lengthening and a marked S IP in the period of the cardiac cycle when ES was expected (i.e., near the end of T in the ECG). To minimize the problem that random noise could mimic the abrupt changes in strain at ES, we required that S IP was identified simultaneously on at least two tracings. Not all dyskinetic segments have an easily identifiable S IP . It is therefore necessary to actively search for tracings displaying the tug of war sign. In recordings with a poor noise-signal relationship, more sample volumes can be added to increase the likelihood of choosing the correct inflection point.
Identification of Partly Active Dyskinetic Myocardium
S IP was consistently identified only in dyskinetic segments that had a component of active contraction. In a recent publication, we demonstrated that these segments can be identified by myocardial strain analysis (15) . In short, entirely passive myocardial segments will lengthen when the LVP is rising and recoil passively to near its original length when the stretching force is removed (i.e., shortening approximates lengthening; Fig. 1, top right) . Active force generation in a segment, however, will oppose systolic lengthening and enhance shortening (i.e., shortening far exceeds lengthening; Fig. 1, top  middle) . Thus the ratio between early systolic lengthening and total shortening (L/S ratio) proved to be a marker of active force generation. We could demonstrate that segments with at least twice as much shortening as lengthening (L/S ratio Ͻ 0.50) perform active work (specificity 99%, sensitivity 67%) (15) . We do not suggest accurate calculation of L/S ratio for timing of global ES. However, we do recommend choosing moderately dyskinetic segments with markedly less systolic lengthening than shortening.
ES by Velocity Imaging
For assessment of ES by velocity imaging, we analyzed tracings from the mid and basal part of the LV with a marked postsystolic shortening velocity wave. Identification of V PS simultaneously in at least two tracings accurately identified global ES. Since velocities are in essence the sum of all longitudinal shortening and lengthening between the apex and the region of interest (ROI) (8, 26) , exact placement of the ROI in partly active myocardium is less critical compared with timing of ES by strain imaging. Because of tethering, postsystolic shortening in the ischemic region and borderzone also result in a V PS in the nonischemic mid and basal part of the LV. This fundamental characteristic of velocity imaging, usually considered a limitation, may allow timing of ES when the ischemic region is poorly visualized. The difference between time to dP/dtmin and time to SIP was unaffected by this reduction in preload. Exp, experiment. B: during caval occlusion, peak aortic pressure was reduced from 104 Ϯ 9 to 46 Ϯ 7 mmHg (P Ͻ 0.0001). Although statistically significant, the difference between time to dP/dtmin and time to SIP was essentially unaffected by this reduction in afterload. Values are means Ϯ SD; n ϭ 6 dogs. Pooled data are apical 2-chamber recordings during ischemia and reperfusion.
Limitations
Identification of the inflection point in strain requires highquality strain tracings. Because of the significant problems with signal noise and drifting when using strain imaging, it may be difficult to get accurate values for these indexes. Ongoing developments of the technology are likely to reduce these problems.
Since S IP was observed only in ischemic myocardium with a component of active contraction, it required some time to position the TDI sample volume appropriately. V PS by velocity imaging also could be identified outside the ischemic area and therefore may prove to be the more practical of the two markers.
The method has not been tested on patients with multivessel disease or irregular heart rhythm or during stress testing. Therefore, care must be taken if applied in these settings. However, since the markers are load insensitive and based on interaction between moderately ischemic and normal myocardium, we believe the tug of war sign may have potential in any setting involving acute ischemia. This notion is supported by Fig. 4 in an experimental study by Jamal et al. (10) , which clearly demonstrates that the tug of war sign is present in radial strain during circumflex occlusion. The clinical validity of our concept is further supported by two subsequent clinical reports from the same group. In the first (11), they analyzed TDI recordings from patients with myocardial infarction affecting different perfusion areas. The other study (12) investigated either radial or longitudinal strain values in the "at risk" segments before, during, and early after right, circumflex, and left anterior descending coronary artery angioplasty. Figures 3 and 2 in those studies, respectively, demonstrate that S IP corresponds to AVC and is easily identifiable in both radial and longitudinal tracings. The methodology may not be applicable to chronic infarctions, since the infarcted area then likely has lower compliance (scar tissue) (28) and, consequently, less dyskinesia.
Optimized B-mode images for speckle tracking analysis were not obtained in this study. Consequently, the accuracy of the tug of war sign using speckle tracking echocardiography cannot be established from our data. In a recent study, Aase et al. (1) concluded that both TDI and speckle tracking could be used for timing of aortic valve closure in normal subjects. Importantly, they used a modified scanner software and narrow sector recordings to obtain B-mode images and TDI images with the same high frame rate (147.5 frames/s) and applied no overall smoothing. Although the high temporal and spatial resolution used in their study is clinically unrealistic at present, speckle tracking does have potential for timing of ES using the tug of war sign.
In the present study we did not define the borderzone by microvascular flow measurements. However, the principles that were studied were mechanical interactions, and it was the mechanical and not the metabolic borderzone that was of interest.
Conclusions
The present experimental and clinical study demonstrates how strain and velocity recordings by TDI can be utilized to accurately assess timing of global ES in patients with acute myocardial infarction. In dyskinetic myocardium that is partly active, ES corresponds to onset of a rapid drop in strain and to onset of a postsystolic shortening velocity wave. This temporal relationship can be explained by the drop in wall tension at ES in nonischemic myocardium, which facilitates contraction in partly active ischemic segments. This method is a new "all in one heart beat" TDI-based approach for simultaneous assessment of regional function and timing of ES, which may facilitate TDI analysis in patients with acute myocardial infarction. 
